The conventional isolation structure with rubber bearings exhibits large deformation characteristics when subjected to infrequent earthquakes, which may lead to failure of the isolation layer. Although passive dampers can be used to reduce the layer displacement, the layer deformation and superstructure acceleration responses will increase in cases of fortification earthquakes or frequently occurring earthquakes. In addition to secondary damages and loss of life, such excessive displacement results in damages to the facilities in the structure. In order to overcome these shortcomings, this paper presents a structural vibration control system where the base isolation system is composed of rubber bearings with magnetorheological (MR) damper and are regulated using the innovative control strategy. The high-order single-step algorithm with continuity and switch control strategies are applied to the control system. Shaking table test results under various earthquake conditions indicate that the proposed isolation method, compared with passive isolation technique, can effectively suppress earthquake responses for acceleration of superstructure and deformation within the isolation layer. As a result, this structural control method exhibits excellent performance, such as fast computation, generic real-time control, acceleration reduction and high seismic energy dissipation etc. The relative merits of the continuity and switch control strategies are also compared and discussed.
Introduction
The conventional base isolation method with rubber bearing is fundamentally a damping technology. It has the advantages of obvious damping effect, safety, reliability and low cost, and hence has been widely used in a number of low-rise buildings [1] [2] [3] . However, the isolation structure with the rubber bearings will normally have a large isolation layer deformation during rare earthquakes. In order to control the displacement of the isolation layer, more isolation bearings are generally embedded into the isolation layer system. After adding some stiffness and damping for the isolation layer, the acceleration of the superstructure and the displacement of the layer may be enlarged, sometimes even in low-level earthquakes [4, 5] . This excessive acceleration will cause equipment
Magnetorheological Smart Isolation System
The base isolation system is composed of MR dampers, ordinary rubber bearings, real-time data acquisition, signal processing, control determination and actuation parts, etc., as shown in Figure 1 . The rubber bearings are capable of providing restoring forces. The MR dampers can provide variable and controllable damping forces to the model structure by controlling the excitation voltages to the damper coils. The damping force of the damper in every moment is obtained by optimal control algorithm calculation and control rate adjustment. The control calculation uses real-time feedback data including displacement, velocity and acceleration response of the structure (Figure 1 ). The adjustment of the control approach for the control force should consider whether the damper is able to provide a damping control force in principle, although in rare cases the opposite situation could apply. This ensures that the damping force provided by the isolation device to the isolation layer is optimal and can be realized at every single temporal moment. 
Test Model
The test model is a six storey frame structure with three frames and two spans. The prototype structure is designed using PKPM software. PKPM software is developed by the China Academy of Building Research (Beijing, China), and can be used for the design and calculation of the frame structure. The geometric ratio is 1:5. In the model, the cross section area of column is 90 mm × 90 mm, the cross section area of the main beam is 120 mm × 60 mm, and cross section size of secondary beam is 80 mm × 60 mm. The thickness of each floor is 30 mm. Figure 2 shows the photo of the model structure. Figure 3 shows the structure's model dimension. 
The test model is a six storey frame structure with three frames and two spans. The prototype structure is designed using PKPM software. PKPM software is developed by the China Academy of Building Research (Beijing, China), and can be used for the design and calculation of the frame structure. The geometric ratio is 1:5. In the model, the cross section area of column is 90 mm × 90 mm, the cross section area of the main beam is 120 mm × 60 mm, and cross section size of secondary beam is 80 mm × 60 mm. The thickness of each floor is 30 mm. Figure 2 shows the photo of the model structure. Figure 3 shows the structure's model dimension. In the model structure, the beam column is made of C30 concrete material, and the slab is made of C20 concrete material, which is the same as the prototype structure. The concrete cube compressive strength standard value is equal to 30 in terms of the scale of concrete material; its strength grade is expressed as C30. C20 also has the same definition. The reinforcement including diameter, length, and number of roots of the model structure is obtained by the conversion of the actual structure according to the geometric ratio of 1:5. Table 1 shows a similar coefficient of the model. According to the similarity coefficient, the model was made and the whole experiment was finished. 
The two bottom plates in the model structure had a weight of about 3.75 × 10 3 kg while the empty frame model had a weight of about 2.25 × 10 3 kg. Since the actual structure weight was 281.55 × 10 3 kg, the structure model needed to have an additional weight of approximately 4 tons according to the relationship of similarity ratio configuration. The additional weight was assigned evenly into six storeys, thus each storey weighed about 0.7 × 10 3 kg. In order to adjust the dynamics of the model structure close to the actual structure, the concrete block wall was built from the second to the sixth storey of the model, while the bottom layer retained a larger space.
Control Algorithm and Strategy
The HSA method is a structural dynamic time history analysis method, which has the characteristics of high accuracy and simple calculation consumption. In real-time control scenarios, the issue of time delay is often encountered. When the system uses only one step in time delay, the control force produced by the HSA method will have minimum time delay. When the delay time is equal to the multiple (e.g., N) integral steps, the method can estimate the state vector of the (N−1)th step, then generate the optimal control force of the Nth time step for the structure by state vector calculation.
The formula for the structure dynamic response can be expressed by the following HSA method:
x n − Q 12
..
The performance index function is defined as follows:
where W 1 and W 2 are the weight parameters of adjustment control effect for the displacement and velocity response of the isolation layer, where I is the identity matrix. The specific parameter values can be determined by simulation calculation. Detailed calculation procedure is given in the literature [26] . By setting δJ n+1 = 0, yields
In order to realize the closed-loop control, by giving up DI
x g,n+1 , so each δJ n+1 is no longer zero. This is only an approximate optimization:
where D 1 , D 2 and D 3 are all constant matrices, and U is the optimal control force vector for each single time step. The constant matrix B indicates the location or configuration of the dampers within the structure [16] .
For an MR control system with variable damping, the control strategy is usually divided into two types. One is similar to the switch control mode. The voltage regulation for the MR damper is either maximum or minimum in temporal series. The other is the continuity control mode, which considers the characteristics with continuously adjustable damping force of the MR damper. The control strategy is used to regulate the optimal control force in real-time [27] [28] [29] .
where u max and u min are the maximum and minimum damping forces which can be provided by the MR damper subject to velocity variations;
.
x b is the relative velocity of the isolation layer, and f opt is the calculated optimal control force, whereas u is the adjusted damping force realized by the damper, which can be achieved by controlling the output current regulator.
Isolation Bearing
For this experiment, four ordinary rubber sandwich isolation pads were fabricated. They were placed on the four corners of the model structure. The isolation bearing diameter used in the experiment is 100 mm and the total thickness of the rubber layer is 22.5 mm. Other basic parameters for the rubber bearings have been shown in Table 2 . In order to test the actual performance of the rubber pad, the test of 100% horizontal shear deformation for the rubber bearings was performed. The pressure shear test for the rubber bearing was carried out under the compressive stress level of 10 MPa, while the horizontal shear deformations were 50% and 100%, respectively. The test setup is shown in Figure 4 . Vertical stress check: The upper structure was approximately 10 tons. The calculated compressive stress for each bearing was around 3.2 MPa. This met the allowable stress limit of 10 MPa.
Horizontal deformation check: for the second category site within the eighth degree zone (rare earthquakes), calculation values for the equivalent load (kN) was: 0.3471 0.85 100 31.8
Maximum deformation of the isolation layer in mm was:
For the fourth category site within the eighth degree zone (rare earthquakes), the calculated value for the equivalent load (kN) was: 0.507 0.85 100 43.08
In the above formula Fek is the standard value of total horizontal seismic force; α is the seismic influence coefficient; Geq is the equivalent Total Gravity Load.
According to the seismic code, horizontal deformation of the rubber bearing was: min 0.55 55 mm | 3 67.5 mm
In the above formula Tr is total thickness of rubber layer; D is the diameter of rubber bearing. Therefore, the allowable deformation of the bearing was 55 mm. The structure of the base isolation bearing was used to satisfy the deformation constraints for the second category site condition; however, for the fourth category site condition, the maximum deformation of the rubber bearing was noticeably too large, having exceeded the deformation limit value of 1.5 times the rubber layer thickness. The experimental results also prove that the rubber pad is not stable and an additional damper must be used to control the significant deformation requirement.
MR Damper
The maximum output of the MR damper in the experiment was 20 kN. The minimum output was 2.5 kN. The adjustable damping force ratio was 8. The stroke range of the damper was ±80 mm. The working excitation current was 0-4 A. Numerical simulation results indicated that the required maximum output was 1 × 10 3 kg for the selected test model. The maximum deformation of the Vertical stress check: The upper structure was approximately 10 tons. The calculated compressive stress for each bearing was around 3.2 MPa. This met the allowable stress limit of 10 MPa.
Horizontal deformation check: for the second category site within the eighth degree zone (rare earthquakes), calculation values for the equivalent load (kN) was:
For the fourth category site within the eighth degree zone (rare earthquakes), the calculated value for the equivalent load (kN) was:
In the above formula F ek is the standard value of total horizontal seismic force; α is the seismic influence coefficient; G eq is the equivalent Total Gravity Load.
According to the seismic code, horizontal deformation of the rubber bearing was:
In the above formula T r is total thickness of rubber layer; D is the diameter of rubber bearing. Therefore, the allowable deformation of the bearing was 55 mm. The structure of the base isolation bearing was used to satisfy the deformation constraints for the second category site condition; however, for the fourth category site condition, the maximum deformation of the rubber bearing was noticeably too large, having exceeded the deformation limit value of 1.5 times the rubber layer thickness. The experimental results also prove that the rubber pad is not stable and an additional damper must be used to control the significant deformation requirement.
The maximum output of the MR damper in the experiment was 20 kN. The minimum output was 2.5 kN. The adjustable damping force ratio was 8. The stroke range of the damper was ±80 mm. The working excitation current was 0-4 A. Numerical simulation results indicated that the required maximum output was 1 × 10 3 kg for the selected test model. The maximum deformation of the isolation layer was less than 60 mm. Selection of the larger output and stroke damper was to meet the needs of other test models, but also left a certain degree of security and safety for further test verifications.
Prior to the shaking Figures 5 and 6 . Those are hysteresis curves for the damper, respectively, from the inside to the outside with 0.1 A as the excitation incremental step ranging from 0.2 to 1 A as the input current. As can be seen from Figures 5 and 6 , the damper hysteresis curves were sufficiently fully expanded. The maximum and minimum outputs satisfy the design requirements. In the frequency domain of the shaking table test at 1 Hz, the performance of the damper force was demonstrated to be stable.
The curve above the working conditions can be obtained. The relationship can be given as shown in Figure 7 between the current and the damping force. The regression equation for the curve is shown in Equation (12) . In the formula, v is the shear velocity of MR damper and I is the applied current for the MR damper. Figures 5 and 6 . Those are hysteresis curves for the damper, respectively, from the inside to the outside with 0.1 A as the excitation incremental step ranging from 0.2 to 1 A as the input current. As can be seen from Figures 5 and 6 , the damper hysteresis curves were sufficiently fully expanded. The maximum and minimum outputs satisfy the design requirements. In the frequency domain of the shaking table test at 1 Hz, the performance of the damper force was demonstrated to be stable.
The curve above the working conditions can be obtained. The relationship can be given as shown in Figure 7 between the current and the damping force. The regression equation for the curve is shown in Equation (12) . In the formula, v is the shear velocity of MR damper and I is the applied current for the MR damper. As can be seen from Figures 5 and 6, the damper hysteresis curves were sufficiently fully expanded. The maximum and minimum outputs satisfy the design requirements. In the frequency domain of the shaking table test at 1 Hz, the performance of the damper force was demonstrated to be stable.
The curve above the working conditions can be obtained. The relationship can be given as shown in Figure 7 between the current and the damping force. The regression equation for the curve is shown in Equation (12) . In the formula, v is the shear velocity of MR damper and I is the applied current for the MR damper. 
Test Scheme

Loading Pattern
In order to examine the control effect of the MR damper embedded base isolation system for structural vibration control under different earthquake intensities, the loading pattern was designed and described as follows. The input earthquake excitation magnitude was the fortification intensity and rare intensity corresponding to the code defined in the eighth degree zone's regulations [30] , whereas the El Centro wave, Taft wave and Tianjin wave were used in this study. The selected earthquake waves in the experiment are shown in Table 3 . 
Measurement Scheme
In order to carry out the measurement and feedback of the state vector for the control system, the sensors of displacement, velocity, acceleration and force were arranged on the test model. Figure 8 shows the sensor arrangement for the experimental model. Moreover, in order to measure the actual working performance of the MR damper, a force transducer with a measuring range of 2 tons was setup in the experiment. It was directly connected with the damper embedded within the isolation layer.
Feedback Control System Scheme
The control system exhibited a full state feedback scheme. The controller host computer was installed with a PCI 8335 data acquisition board. It can complete the whole process of data collection, calculation, and instruction. The data collection board using Visual Basic (VB) compiler transforms the two control algorithm into VB executable programs for structural signal collection, online calculation and control signal generation and communication. The interface of the control operating system is shown in Figure 8 . 
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Analysis of Experimental Results
In order to proceed with the test smoothly, relevant numerical simulation for the control system was carried out prior to executing the experiments. Test results were also analyzed for the control system carried out by using HSA approach with two control strategies, namely, the continuity mode (CM) and switch mode (SM).
Structural Displacement Response
The peak value of storey drift response for each working condition is summarized in Table 4 . The values in brackets are the results from numerical simulation. Figure 9 shows the time history curve for the isolation layer displacement response in the test. 
Analysis of Experimental Results
Structural Displacement Response
The peak value of storey drift response for each working condition is summarized in Table 4 . The values in brackets are the results from numerical simulation. Figure 9 shows the time history curve for the isolation layer displacement response in the test. As seen from Table 4 , the maximum displacement of the isolation layer (30.52 mm) is only about 55% of displacement limit value for the rubber bearing (55 mm). Hence, the control system has the capacity to sustain greater seismic loading. In addition, the numerical calculation is shown to be in good accordance with the test measurements. It lays out a good foundation for further research on the design method associated with the control system.
When the switch mode control is employed, the displacement response of the isolation layer is relatively small compared to continuity control mode. This is because the damper force outputs change only between the maximum and minimum values. When the isolation layer has a larger displacement response, the damper is directly applied with the maximum control force under the switch control mode, rather than continuously changing its value between the maximum and minimum damping force. The displacement of the isolation layer is small under the switch control mode, but the storey displacement corresponding to all the upper floors of the structure is relatively large due to the constrained base isolator deformations.
Structural Acceleration Response
The acceleration time history curves for the fifth storey of the structure under different control modes are compared and displayed in Figure 10 . It is observed that the continuity control strategy outperforms the switch mode control, as the acceleration values in all scenarios have been suppressed lower than that from the switch mode control. Moreover, the control effect of continuity mode under rare intensity is found to be better than that under fortification intensity. As seen from Table 4 , the maximum displacement of the isolation layer (30.52 mm) is only about 55% of displacement limit value for the rubber bearing (55 mm). Hence, the control system has the capacity to sustain greater seismic loading. In addition, the numerical calculation is shown to be in good accordance with the test measurements. It lays out a good foundation for further research on the design method associated with the control system.
The acceleration time history curves for the fifth storey of the structure under different control modes are compared and displayed in Figure 10 . It is observed that the continuity control strategy outperforms the switch mode control, as the acceleration values in all scenarios have been suppressed lower than that from the switch mode control. Moreover, the control effect of continuity mode under rare intensity is found to be better than that under fortification intensity. Figures 11 and 12 show the peak acceleration responses of each structure storey under different earthquake profiles and amplitudes, for both the continuity control mode and switch control mode. Control effects for the El Centro wave and Taft wave are observed to be more significant than the Tianjin wave. In the rare intensity with continuity control mode for El Centro wave and Taft wave, the peak acceleration responses of the fifth storey are reduced by half of the acceleration peak of the input seismic waves. The structure vibration control effect is obvious, and structure response is reduced by 1/3 under the fortification intensity. Figures 11 and 12 show the peak acceleration responses of each structure storey under different earthquake profiles and amplitudes, for both the continuity control mode and switch control mode. Control effects for the El Centro wave and Taft wave are observed to be more significant than the Tianjin wave. In the rare intensity with continuity control mode for El Centro wave and Taft wave, the peak acceleration responses of the fifth storey are reduced by half of the acceleration peak of the input seismic waves. The structure vibration control effect is obvious, and structure response is reduced by 1/3 under the fortification intensity. Figures 11 and 12 show the peak acceleration responses of each structure storey under different earthquake profiles and amplitudes, for both the continuity control mode and switch control mode. Control effects for the El Centro wave and Taft wave are observed to be more significant than the Tianjin wave. In the rare intensity with continuity control mode for El Centro wave and Taft wave, the peak acceleration responses of the fifth storey are reduced by half of the acceleration peak of the input seismic waves. The structure vibration control effect is obvious, and structure response is reduced by 1/3 under the fortification intensity.
(a) (b) Figure 11 . Acceleration peak curves under fortification intensity: (a) By continuity control mode; (b) By switch control mode. The reasons for the continuity control being better than the switch control can be attributed to the following displacement response analysis. Under switch control mode the isolation layer displacement is much smaller than that of the continuity control mode. The decrease of displacement makes the energy dissipation of the damper relatively limited to a smaller range. Thus the energy transferred to the upper structure increases, and the resulting acceleration response becomes larger. Meanwhile, the control effect under rare intensity is better than that of fortification intensity. This is because the initial viscous coefficient of the damper is larger. In rare intensity, a greater isolation layer displacement can completely overcome the initial viscous force. The dampers dissipate more energy, and hence, the acceleration response of the upper structure is significantly reduced.
It is worth noting that the peak acceleration response for the top storey of the structure model in various conditions, compared with other layers, has a large amplification. This does not conform with the control effect of the overall structure [31] . This may be due to the top storey of the structure model having been destroyed in the previous test, thereby the stiffness of the structure is reduced, and the a whiplash effect occurred in the test. The observation after the experiment also verified this hypothesis. Therefore, when the acceleration response is analyzed, the acceleration peak value of the fifth storey is adopted. The peak acceleration response of each structure storey is similar. The displacement response of the superstructure is small compared with the displacement of the isolation layer. This structure of the displacement reaction mainly occurred in the isolation layer, the upper structure close to the overall translational motion.
MR Damper Response
Figures 13 and 14 illustrate the damper hysteresis curves with continuity control mode under the El Centro wave and Taft wave with fortification and rare intensities, respectively. It is known that the area enclosed by the hysteretic curve represents the energy dissipated by the MR damper. As observed from those curves shown in Figures 13 and 14 , the proposed control system is proven to effectively suppress the energy propagation upward under the different seismic scenarios. From the curve of damping force, it can be seen that the MR damper provides maximum damping force moment and seismic input peak close to the hysteretic curve of the damper to reduce energy consumption in order to reach the maximum response of the superstructure, namely, the El Centro wave and Taft wave with fortification and rare intensities. As a result, the energy transferred to the upper levels causing the secondary damages can be significantly mitigated. The reasons for the continuity control being better than the switch control can be attributed to the following displacement response analysis. Under switch control mode the isolation layer displacement is much smaller than that of the continuity control mode. The decrease of displacement makes the energy dissipation of the damper relatively limited to a smaller range. Thus the energy transferred to the upper structure increases, and the resulting acceleration response becomes larger. Meanwhile, the control effect under rare intensity is better than that of fortification intensity. This is because the initial viscous coefficient of the damper is larger. In rare intensity, a greater isolation layer displacement can completely overcome the initial viscous force. The dampers dissipate more energy, and hence, the acceleration response of the upper structure is significantly reduced.
Figures 13 and 14 illustrate the damper hysteresis curves with continuity control mode under the El Centro wave and Taft wave with fortification and rare intensities, respectively. It is known that the area enclosed by the hysteretic curve represents the energy dissipated by the MR damper. As observed from those curves shown in Figures 13 and 14 , the proposed control system is proven to effectively suppress the energy propagation upward under the different seismic scenarios. From the curve of damping force, it can be seen that the MR damper provides maximum damping force moment and seismic input peak close to the hysteretic curve of the damper to reduce energy consumption in order to reach the maximum response of the superstructure, namely, the El Centro wave and Taft wave with fortification and rare intensities. As a result, the energy transferred to the upper levels causing the secondary damages can be significantly mitigated. 
Comparative Analysis of MR Isolation and LRB Isolation
For the same model, the isolation test with lead rubber bearing is completed in the literature [32] . Four lead rubber bearings (diameter 100 mm) were used in that shaking table experiment. General yield force for bearings is 8.652 kN. The shaking table test results are shown in Table 5 under different conditions. Comparison with the displacement response of the isolation layer can be seen, wherein the isolation with MR dampers is significantly less than the passive isolation with the lead rubber bearing, both displaying maximum displacement of the isolation layer and the amplification factor of the upper acceleration. In this way the isolation system with MR dampers has the ability to resist the 
For the same model, the isolation test with lead rubber bearing is completed in the literature [32] . Four lead rubber bearings (diameter 100 mm) were used in that shaking table experiment. General yield force for bearings is 8.652 kN. The shaking table test results are shown in Table 5 under different conditions. Table 5 . Peak value for structure acceleration and isolation layer displacement response under lead rubber bearing (LRB) isolation and seismic level 8.
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The Earthquake Wave Fortification Intensity Rare Intensity Fortification Intensity Comparison with the displacement response of the isolation layer can be seen, wherein the isolation with MR dampers is significantly less than the passive isolation with the lead rubber bearing, both displaying maximum displacement of the isolation layer and the amplification factor of the upper acceleration. In this way the isolation system with MR dampers has the ability to resist the larger earthquakes. This shows that the MR isolation system has better vibration control performance with the passive lead rubber isolation.
Conclusions
In this paper, the numerical simulation and shaking table test are carried out for an isolation system with MR damper and rubber bearing by using a high-order single-step algorithm. Both the continuity and switch control strategies are examined. The main findings are summarized as follows:
(1) The proposed isolation system can be applied to different site categories. The deformation corresponding to isolation layer can be effectively limited. Simultaneously, acceleration response of the superstructure can be reduced. Therefore, the smart isolation control system is shown to exhibit better control performance as compared with the traditional passive control method. (2) Energy dissipation paths can be adapted by MR dampers in accordance with varying earthquake input excitations, and variable damping can be provided for the isolation layer. From the acceleration reductions and the hysteresis curves, the seismic energy can be found to be effectively dissipated. Therefore, the design objective concerning the mitigation of secondary damages can also be fulfilled. (3) Restoring force can be provided by the rubber bearings to the isolation layer, thus the requirement of deformation limit of the isolation layer can be achieved under rare earthquakes. (4) The high-order single-step algorithm has the capability of real-time calculation of structural response. Therefore, time delay issues can be effectively addressed. The entire control process, including data acquisition, real-time calculation and the results updating can be achieved by the control system. The control effect is not affected by changes associated with external input. (5) The switch control strategy is found to be simple and reliable. The displacement response of isolation layer can be effectively controlled. Moreover, continuous regulated damping force can be achieved through a continuity control strategy. It is appropriate to consider the characteristics of MR dampers when instantaneous variable damping is needed.
